Structural geometry and stochastic loads such as swell and wind seas can typically induce multiaxial stress states in welded details of marine structures. It is known that such complex time varying stress states determine the fatigue resistance of welded steel joints. Therefore, it is of importance to account for them in fatigue lifetime estimation. Over the past few decades a wide variety of design guidelines and methods have been developed for multiaxial fatigue assessment, but so far there does not exist a general hypothesis applicable to all possible load cases. This study provides an overview of the current state-ofthe-art in academia and engineering practice in terms of multiaxial fatigue assessment, and is focusing on the application to welded joints in marine structures. The progress of different approaches and methods is elaborated and commented upon, taking their hypothesis and (physical) basis into consideration. The insights that are provided in this paper form a valuable foundation for future investigations and emphasize the necessity of experimental proofs and model validation.
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Introduction
Fatigue is a well-known phenomenon in a variety of applications in different disciplines e.g. aerospace, automotive, railway and nuclear industry. Typically it occurs in mechanical components dealing with cyclic loadings such as rotating parts (e.g. bearings, crankshafts, turbines, wheel-rail contacts) or components subjected to thermal or other types of mechanical cyclic loadings (e.g. nuclear pressure vessels, airplane wings). Many research and experimental work has been dedicated to investigate the fatigue behaviour and evolution in such applications. This has resulted in a fairly good understanding of uniaxial fatigue nowadays. However, there are still unresolved issues concerning the more complex form: multiaxial fatigue.
Understanding of multiaxial fatigue is of relevance for the lifetime assessment of ship and offshore structures (henceforth referred to as marine structures). Marine structures can encounter multiaxiality due to the stochastic load characteristics which are mainly dominated by a combination of wind seas and swells. Generally such complex loadings induce multiaxial stress states which are non-proportional (i.e. outof-phase). However, multiaxiality can also be induced by structural geometry [29, 37, 77] . Such geometry induced multiaxial stress states are predominantly proportional (i.e. in-phase).
As a result of its mechanical properties, structural steel is generally used for the construction of marine structures. This material is also used throughout a wide variety of other industries (e.g. automotive, railway, nuclear). However, the fatigue behaviour is affected by size, material characteristics (e.g. chemical composition, material properties) and welding effects (e.g. non-uniform material characteristics, welding induced defects, residual stresses) [112, 116] . Therefore, the knowledge transfer between these different industries remains limited.
Experimental data is requisite for validation of existing multiaxial fatigue methods but only a limited amount of data is currently available for welded joints. Various experimental data sets which have been frequently used to validate multiaxial fatigue methods, have been reviewed in [99, 100] . From these reviews it was concluded that the data sets are often not suitable for validation purposes due to their incompleteness and incompatibility. Moreover, fatigue failure is not univocally defined. Some experimental studies define it as complete breakage of the specimen whilst in others studies the tests are stopped when a macroscopic crack is detected (affecting the specimen's stiffness). These discrepancies impede clear and fair judgement of the different multiaxial fatigue methods. In [7, 8, 29, 33] it is shown that large scatter bands exist amongst the (different) experimental data sets.
According to the best knowledge of the authors, an extensive amount of literature was selected and studied focussing on multiaxiality and non-proportionality in welded steel joints (in marine structures). For the fatigue lifetime assessment of such joints an intact geometry or a crack damaged geometry can be considered. In case of the latter, fatigue lifetime is typically assessed using fracture mechanics. This study focusses on the assessment of high cycle fatigue using intact geometry parameters and therefore the fracture mechanics approach is not incorporated in the scope of work. External environmental conditions such as thermal effects and corrosion will not be addressed.
The overview starts with Section 2 which discusses the effects of multiaxiality on fatigue crack evolution in welded steel in terms of material, geometry and loading. Section 3 provides an overview of current guidelines and recommendations for engineering practice. This is followed by Section 4 where different multiaxial fatigue methods are audited, focussing on their application to multiaxial fatigue problems in welded joints. This Section is categorized by: critical plane based, invariant based and integral based methods. Sections 5 and 6 elaborate upon the different cycle counting techniques and damage accumulation rules that can be used for multiaxial fatigue assessment. In Section 7 two schematic overviews are provided which serves as a supplement to Sections 4, 5 and 6. One overview indicates the required input parameters for each audited multiaxial fatigue method and the other overview demonstrates the application domain of each method. Finally, discussion and conclusions are provided in Sections 8 and 9. The authors aspire to enhance this work in the future with a quantitative comparison of the considered multiaxial fatigue methods based on self-collected experimental data.
Effects of multiaxiality on fatigue crack evolution in welded steel

Fundamentals of fatigue
Typically, four stages are defined in crack evolution namely nucleation, initiation (i.e. early growth), growth and propagation. However, not all stages are always part of the crack evolution. This is the case for example in welded joints where the presence of welding induced crack-like defects exclude the nucleation phase of a crack [107] . If crack initiation is considered as early (small) crack growth, fatigue lifetime can indeed be considered growth dominant although the majority of fatigue lifetime is spent in the weld notch affected region [29, 107] . In the studied literature, different definitions of crack initiation were found. For example, in [23] the nucleation and initiation stage are defined over an area of several grains whereas in [114, 117] crack initiation is defined by a crack depth of 0.5-1 mm. However, in engineering practice, crack initiation is generally defined as the minimal detectable macroscopic crack size [64, 105, 117] . It can thus be concluded that the definition of the different stages of crack evolution are dependent on the considered scale, i.e. microscopic, mesoscopic, macroscopic. Important to note is that the transition between these different scales is not univocal and often arbitrarily defined [29] .
The theory of cyclic deformation in a single crystal distinguishes two phases in the crack evolution of High Cycle Fatigue (HCF). The first phase (i.e. crack nucleation and initiation) is driven by laminar flow of dislocations along Persistent Slip Bands (PSBs) whilst the second phase (i.e. crack growth and propagation) is driven by crack opening or closing. The material behaves elastically on macroscopic scale whilst on a more local meso-or microscopic scale elastic/plastic behaviour leads to fatigue damage. Due to this behaviour, HCF is typically described by a (macroscopic) stress driven fatigue parameter. On the other hand, Low Cycle Fatigue (LCF) is characterized by macroscopic plastic behaviour which is typically described by a (macroscopic) strain driven fatigue parameter.
Fatigue cracks follow the path of the least resistance. This means that under cyclic loading, the microscopic stress concentration moves with the crack tip until it reaches and activates another slip band. Shear can develop under two angles and therefore a zig-zag shape is typically observed on microscopic level [109] . Interestingly, under pure tensile loading (Mode I), the macroscopic crack growth direction is perpendicular to the loading direction (i.e. the first principal stress) whilst the microscopic crack is initiated on the material plane with a ±45 degrees inclination. See for clarification Fig. 1 . Under pure torsional loading (Mode III) microscopic cracks initiate on the material plane which corresponds with the macroscopic crack growth plane of Mode I. The Mode III macroscopic crack growth plane then corresponds with the material plane of Mode I crack initiation. See Fig. 2. 
Material effects on multiaxial fatigue resistance of welded joints
Extensive experimental work has been performed by Sonsino et al. whereby welded joints of various material types (e.g. wrought steel, cast steel, cast iron, magnesium alloy, aluminium alloy) were tested under multiaxial loadings induced by (non-) proportional constant and or variable amplitude loading [40, 114, 116, 136] . A correlation was found between material ductility and fatigue resistance under non-proportional loading conditions. Ductile materials show a decrease in fatigue 
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resistance under non-proportional loading, semi-ductile materials show negligible differences between non-proportional and proportional loading whilst brittle materials show an increase in fatigue resistance. The reduction in fatigue resistance under non-proportional loading in ductile materials is often attributed to cyclic hardening [42, 110, 116] . Cyclic hardening is the result of interactions between different dislocations caused by the rotating easy glide plane (i.e. cross hardening). These interactions cause dislocations to block each others movement. This means that locally higher stress concentrations will occur which facilitates flow of Persistent Slip Bands (PSBs) and impedes the fatigue resistance. However, in (semi-)brittle materials the finer grained material structure facilitates annihilation of dislocations and therefore interactions are reduced leading to improvement of the fatigue resistance (i.e. cyclic softening) [24] .
Geometry effects on multiaxial fatigue resistance
Geometry beholds the type of joint connection (e.g. plated, tubular), type of weld (e.g. butt weld, fillet weld) and plate thickness. These geometrical features affect the fatigue resistance and crack evolution through a stress raise at the joint connection, i.e. notched geometry. Generally, such notched geometries are distinguished from plane geometries. A notched geometry can induce multiaxiality even though a uniaxial load is applied [77] . Therefore, loading and geometry induced multiaxiality can and should be distinguished [29] . Precaution should thus be taken with application of assessment methods which originate from plane geometries to notched geometries.
Loading effect on multiaxial fatigue resistance
In [73] an interesting comparison is presented of the different effects of loading on multiaxial fatigue resistance. This work compares various experimental results of smooth specimens subjected to combined bending/tension and torsion [72] under constant amplitude loading. For the metals, 42CRMo4, 34Cr4, St35 and 25CrMo4 the fatigue resistance was compared considering different phase shifts, frequency ratios and wave forms. The results are considered valuable despite the fact that nonwelded specimens were used because the influences of frequency and wave form on multiaxial fatigue resistance are seldomly investigated.
Under non-proportional loadings (induced by phase shifts), contradicting results were obtained showing both an increase and a decrease in fatigue resistance [72] . This corresponds with the experimental work with welded joints of Sonsino et al. [114, 116, 118] , which demonstrated that the influence of non-proportionality is correlated to material ductility. Frequency effects were observed under alternating combined normal and shear stresses [73] . The fatigue resistance decreased with increasing frequency ratio (investigated up to a factor 10). Interestingly, this effect appeared insensitive to the ratio of frequencies (i.e. f τ /f σ or f σ /f τ ) and the reduction in fatigue resistance converged to 30%. Finally, the effect of three different wave forms (i.e. sinusoidal, trapezoidal and triangular) was investigated. In the two investigated load combinations (i.e. two perpendicular normal stresses vs. normal and shear stress) the triangular wave form appeared to be the least detrimental whilst the trapezoidal wave form appeared the most detrimental.
Residual stresses
Residual stress is induced by fabrication techniques such as for example machining or welding. Such fabrications can cause a stress raise in the material due to a local input of high temperature and relatively rapid cooling which cause thermal stresses and strains [104] . Residual stress and mean stress should not be confused with each other because in contrast to mean stresses, the residual stresses can encounter relaxation as a results of heat treatment and/or cyclic loading. This is not the case for mean stresses which may result from mounting, dead weight and stress fluctuations.
The welding process induces a high tensile residual stress at the weld toe region and therefore experimental studies with welded joints often discard mean stress effects [120] . It is important to note that small scale specimens contain a significantly lower level of residual stress than joints in real maritime applications. SN-curves which are generated with small scale welded specimens should thus be corrected for the higher residual stresses present in the actual application [51, 104] .
In the work of [8, 115] , (non-)proportional multiaxial loadings were applied to welded joints with different levels of residual stresses (resulting from heat treatment and machining). Both under constant and variable amplitude loadings, it was observed that residual stress affects the fatigue resistance. However, to draw clear conclusions the effect of residual stress (relaxation) on fatigue lifetime still requires further investigation [41, 114] .
Mean stresses and mean stress correction
In literature two synonyms are used for the ratio between the maximum and minimum stress value during a load cycle: stress ratio and load ratio. However, stress ratio implies that the ratio is response governed whilst load ratio implies that it is loading governed. Although not consistently used both definitions refer to the same load characteristic. Henceforth load ratio will be used as it is considered a less ambiguous definition by the authors. The load ratio indicates the level of mean stress during a load cycle. Interestingly, the normal mean stresses are typically considered to be affecting fatigue resistance [109] whilst the shear mean stress effect is considered negligible (for as long as it remains below yield). This is for example the case in [124] . However, caution should be taken with this assumption as it is based on a limited amount of experimental data of non-welded specimens, of the particular material type (39NiCrMo3) [28] . See for example [60, 79, 90] where shear mean stress effects are demonstrated.
Experimental data can be converted with a mean stress correction so that it represents a structural detail with increased mean stress induced load levels, residual stress and heat treatment (affecting residual stress relaxation) [54] . Most well-known are the (empirical) correction models of Gerber, Goodman, Soderberg, Morrow which are typically depicted in a Haigh diagram (i.e. σ avg vs. σ a ). The correction model of Walker and Smit-Watson-Topper (SWT) can also be considered, but are seldomely used for welded joints, despite the fact that they can accurately account for relatively low stress amplitudes and high mean stress [29] . This would make them suitable candidates for welded joints. The SWT model considers equal contribution of mean stress and stress amplitude whilst the Walker model considers an unequal contribution governed by a material dependent calibration coefficient γ . See Equations (1) and (2) .
Smith-Watson-Topper:
Walker:
Review of current engineering practices
The fatigue assessment of marine structures generally consists of several main steps [130] . First, a metocean analysis is executed using site-specific environmental data. This data typically represents a combination of stationary sea states which consist of a certain amount of wave systems described by spectral density functions. Two types of wave systems can be distinguished, namely wind seas and swell. Reference is made to [138] for further characterization of wave data. Secondly, complex accelerations and pressures are calculated in the hydrodynamic analysis. These accelerations and pressures act on the rigid hull structure and are defined for each unit wave of a given length and direction. Transfer functions at fatigue sensitive locations are obtained by application of the accelerations and pressures on the global structural model, either directly or using a sub-structuring technique. This global model includes a refined mesh at the fatigue sensitive locations. Finally, the Power Spectral Density (PSD) functions of different stress components can be obtained by employing a spectral analysis. At this step, in uniaxial fatigue assessment, the fatigue damage can be directly calculated with a relevant SN-curve and the spectral moments of the probability density functions of stress. This Section elaborates upon the different approaches that can be chosen for the multiaxial fatigue assessment of marine structures.
Calculation domains
Time histories of stress or strain components can be obtained directly from the time domain through FE analysis or experimental testing but can also be generated with PSD functions. Time traces are generally the inputs for existing multiaxial fatigue methods. However, if stress/strain histories are obtained in time domain the statistical convergence and data scatter of the fatigue results depend on the considered time interval and chosen sampling rate [10] .
In the spectral domain the stress state is not described by a time history for each individual stress component but by PSD functions. If needed, these can be determined relatively easily from time traces using Fast Fourier Transform (FFT) of relatively short time histories [10] . This saves computational efforts in comparison to the time domain. The spectral moments of the PSD functions are valuable parameters in fatigue assessment. They enable to determine e.g. variance, expected number of zero crossing and expected rate of peaks. Non-proportionality is typically captured in the correlation coefficient. Spectral methods are based on the assumption of stationary (Gaussian) stochastic processes meaning that the statistical properties such as mean (square), variance and standard deviation are presumed independent of time. Mean stress fluctuations and non-linearities can not be accounted for. For application to marine structures it should be verified whether this assumption can be made for combined and confused sea states.
Spectral methods for the assessment of multiaxial fatigue generally represent the PSD functions in a matrix of auto/cross-spectral density functions. This matrix is used in combination with a particular multiplication matrix to determine an equivalent PSD function. The representation of this multiplication matrix depends on the considered multiaxial fatigue approach. See for example [16, 25, 75, 89] . The equivalent PSD function is eventually used for damage estimation. This estimate depends on the probability distribution of the Rainflow counted equivalent stress cycles. Over the years various approximations have been formulated for this distribution, e.g. Wirsching-Light, Dirlik, Zhao-Baker, Tovo-Benasciutti [11, 16, 94] . The accuracy of these approximations depends on the considered scenario [16, 62, 75, 91, 94] .
Fatigue resistance and (in)finite life
Wöhler curves, often referred to as SN curves, are most commonly used to describe fatigue resistance. The curves describe a loglog-linear relationship between stress range S and number of load cycles N , depending on the (welded) joint geometry, environmental conditions (e.g. presence of cathodic protection, seawater, ambient air) and level of stress information (i.e. nominal, structural hot spot, notch). In design codes and guidelines for marine structures different annotations are used for standardized SN-curves. For example, IIW assigns FAT(igue) classes, Eurocode 3 assigns (detail) CAT(egories) and DNV Classes [30, 39, 51] .
Under variable amplitude loading, the fatigue resistance can be described by Gassner curves. These curves consider load spectra instead of CA loads [120] . Therefore they result into higher fatigue resistances in comparison to the (CA based) Wöh-ler curves. Gassner curves are often unfavoured in (multiaxial) fatigue assessments because most experimental data has been obtained under CA loading. However, some work can be found where Gassner curves were used in the multiaxial fatigue assessment of welded joints [13, 62, 115, 118, 119] .
SN curves account for finite or infinite fatigue life by means of their slope. Experimental data typically shows an asymptotic behaviour towards the high cycle fatigue regime. From the standpoint of today's knowledge this behaviour is characterized by a slope change at a so-called knee-point, but in the past, engineering practice simplified this asymptotic behaviour by a horizontal slope at 1 · 10 7 number of cycles. Infinite fatigue life was then defined by the so-called fatigue limit which equaled the fatigue resistance at 1 · 10 7 number of cycles. None of the stress ranges below this fatigue limit were considered contributing to fatigue damage (implicating infinite life). However, significant experimental evidence has shown that steel welded joints show a slope change towards the high cycle fatigue regime when exposed to constant and variable amplitude loading. The number of cycles where the knee-point (i.e. slope change) occurs depends on material, loading mode, residual stress and manufacturing and is therefore not explicitely defined in most of the studied literature.
Multiaxial fatigue assessment using interaction equations
Many multiaxial fatigue models make use of a fatigue criterion in the form of an interaction equation. Infinite life is considered if the interaction equation remains within specific bounds. If the bounds are exceeded it is presumed that fatigue damage is encountered. These type of equations typically have a phenomenological basis and are thus generated from experimental data. It is a relatively easy way of modelling although the model performance depends on the completeness of the data sets that were used. Moreover, knowledge of the fatigue sensitive parameters and mechanisms that drive the fatigue damage process are essential.
Gough-Pollard relationship
Investigation of multiaxial fatigue in metals was initiated by Gough and Pollard who developed, based on extensive experimental research, the well-known empirical Gough-Pollard equation (Equation (3)) [48, 49] . Under combined reversed bending and torsional loading the equal-life curve showed an ellipse shape for ductile materials whilst a parabola shape (i.e. often referred to as ellipse-arc shape) for brittle materials [47, 49, 71, 96] .
Even nowadays, many multiaxial fatigue criteria are based on the Gough-Pollard interaction equation. The equation defines the interaction at stress level and not at damage level meaning that different damage mechanisms (i.e. slope differences) are not incorporated. If the stress state remains within the boundaries of the ellipse shape (or ellipse-arc shape) it is believed that fatigue life is infinite, i.e. no fatigue damage is encountered. Furthermore, it is important to note that this equation was developed for constant amplitude loading based on (far-field) nominal stress.
An important aspect of the Gough-Pollard equation is that is was derived from reversed cyclic loading (R = −1). The denominators in the equation are the presumed fatigue limits under fully reversed torsion and bending. Although not explicitly stated in the studied literature, this implies that the nominator and denominator should have the same load ratio [48, 49] . This could require a correction using a mean stress model, cf. Section 2.4.2.
Gough-Pollard equation:
Recommendations in design guidelines
For the multiaxial fatigue assessment of welded marine structures, design codes such as Eurocode 3 and the International Institute of Welding (IIW) suggest a Gough-Pollard based interaction equation [39, 51] . See Equations (4)- (5). The combination of a normal and shear stress term are based on the dominating Mode I and Mode III contributions in weld toe failures [76] . These modified Gough-Pollard based equations are applicable to nominal, (structural) hot-spot and notch stress concepts.
Eurocode accounts for different damage mechanisms by introducing different exponents for the normal and shear stress terms. The denominator in the equation is defined as the fatigue strength at 2 · 10 6 cycles (i.e. characteristic detail category). At or beyond this number of cycles, fatigue resistance typically shows a knee point, i.e. slope change. Therefore, many approaches for fatigue assessment make use of the fatigue strength at this particular number of cycles. The guideline can be applied to VA loading by converting the VA loading of the individual stress components (σ a , τ a ) into a CA equivalent stress which provides the same amount of damage at 2 · 10 6 cycles. These equivalent stress values are then used as numerator in Equation (4) .
IIW guidelines distinguish between CA loading (Equation (5)) and VA loading (Equation (6)). Both under CA and VA loadings the Critical Value (CV) of the criterion is set to 1 for proportional load cases and 0.5 for non-proportional load cases. Under VA loading the numerator is defined as an equivalent stress which represent the VA loading by a CA load. For further details see [51] . Depending if mean stresses are stable or fluctuating the allowable damage sum D is set to a value of 0.5 respectively 0.2, instead of the conventional damage sum of D = 1 [102, 122] . It should be noted that the IIW guidlines for multiaxial non-proportional loading are still under development and therefore rather conservative [40, 51] . Just like in Eurocode, the denominators are defined as the fatigue strength at 2 · 10 6 cycles using the dedicated FAT class [51] .
Eurocode:
IIW-CA loading:
IIW-VA loading:
In the DNV-GL recommendations (i.e. recommendations for fatigue design of offshore steel structures) the maximum principal stress is used for multiaxial fatigue assessment, and under some conditions this is also recommended by IIW and Eurocode 3 (i.e. maximum principal stress range approach). The use of this equivalent stress is based on experimental observations which demonstrate that (on a macroscopic level) fatigue cracks tend to grow perpendicular to the maximum principal stress [109] . Under uniaxial and proportional multiaxial loading the principal stress changes value but remains with a fixed direction. Characteristic for nonproportionality is a changing direction of the maximum principal stress. Therefore, principal stress vectors are often used to detect locations in a structure which are prone to non-proportional multiaxial fatigue.
DNV-GL advises different fatigue resistance curves depending on the angle of the maximum principal stress range to the weld seam [30] . It is reasoned that the weld toe notch is a more fatigue critical location when the maximum principal stress acts perpendicular to the weld seam (i.e. a lower SN curve should be used). However, guidance is lacking for situations where the principal stress orientation changes during a load cycle, which typically occurs in (welded) joints which are subjected to non-proportional multiaxial stresses.
Interaction equations for finite lifetime estimation
Interaction equations need to be formulated as a function of N (number of cycles) in order to determine the encountered fatigue damage and corresponding finite lifetime estimate. Examples of such interaction equations are the Findley criterion [45] , Matake criterion [81] and McDiarmid criterion [82] . They can be described by the generic equation provided in Equation (7) where a and b are material dependent constants which serve as scaling factors between the shear and normal stress components.
In many multiaxial fatigue criteria the ratio of the normal and shear stress fatigue resistance is incorporated in scaling factors [5, 6] . However, experimental tests demonstrated that the multiaxial damage mechanism is not well described by such (constant) factors as it varies with stress amplitude (ratio) and nonproportionality [3, 6] . Anes et al. suggest to describe the stress scale factor as a function of stress amplitude σ a and stress amplitude ratio r [3, 5] . This function can be obtained from a regression analysis of experimental data under known uniaxial and multiaxial loading conditions resulting in a polynomial function. Remarkable however is their choice for a shear stress based formulation, see Equation (8) . Parameter Y represents non-proportionality and the load block is defined as the time interval between two zero-upcrossings. Shear stress is considered as most governing for fatigue crack initiation [6] . Disadvantageous of this choice is that a pure torsional fatigue resistance curve is then required for which significantly less standardized curves are available [3] . This so called Stress-Scale-Factor (SSF) approach was validated with experimental data of plane geometries exposed to non-proportional and multiaxial load cases with CA and VA loading.
The most well-known interaction equation for finite life calculations of ductile materials is generally know as the von Mises equivalent stress [104] . See Equation (9) . Von Mises stress can be physically interpreted as the distortional strain energy. Looking at the existing literature and engineering practice, the von Mises equivalent is remarkably often used in multiaxial fatigue assessments. This is peculiar because this stress formulation was originally not designed for application to fatigue problems. It was developed by Huber, Mises and Hencky as a yield stress definition under static loading [50, 53, 131] . Therefore, some of its deficiencies should be carefully considered in multiaxial fatigue assessment. One of these deficiencies is the non-conservatism that results from non-proportionality. A severe overestimation of fatigue lifetime was observed under combined out-of-phase bending and torsion [43, 114] . The formulation appears to be insensitive for phase shifts between the normal and shear stress components [92] . Similar issues are encountered in frequency domain [14, 92] . Interestingly, none of the studied literature discusses the application of von Mises stress to cases with a frequency induced non-proportionality. This has also been pointed out in [130] . Further research on this matter could add valuable knowledge. Moreover, a point of attention is the sign loss due to the squared formulation. This is extensively discussed in [113] where it is suggested to account for the sign of the maximum load component (i.e. shear or normal stress). Typically, the ratio between the uniaxial fatigue resistances is taken as a fixed value (i.e. √ 3), even though this does not hold for various materials. It is shown in [92] and [16] that the curves for uniaxial fatigue resistance (normal and shear) are not (always) parallel to each other.
Von Mises:
Local stress information
The three most commonly used levels of local stress are nominal stress, (structural) hot spot stress and (effective) notch stress [105] . The nominal stress only considers the far-field response as a result of the macroscopic joint geometry. Although the use of nominal stresses requires low computational efforts it is known that additional local stress information improves the accuracy of fatigue lifetime estimates (i.e. less scatter in fatigue strength and higher confidence levels) [29] . In Fig. 3 it is clearly demonstrated that nominal stress based lifetime estimates show significant data scatter. More local stress information is incorporated by the (structural) hot spot stress which also accounts for the structural geometry induced stress concentrations. The effect of a notch (for example at the weld toe) can be accounted for through the (effective) notch stress which encompasses the notch peak stress at the weld toe.
Structural hot spot stress
In welded joints, fatigue failure most commonly occurs at the weld toe [76] . Through linear extrapolation towards the weld toe the hot spot stresses can be obtained based on particular reference points. However, the position of these reference points (i.e. location P and Q in Fig. 4) are not univocally defined. Depending on the type of joint and hot spot (A, B or C) different positions are recommended in current engineering codes and guidelines [30, 39, 51] . A solution to this issue is provided by Dong et al. [31, 32, 34] . They developed a mesh insensitive structural stress definition presuming an equilibrium-equivalent structural stress part and a self-equilibrating notch stress part acting at the vertical crack plane at the weld toe [31] . The structural stress part (σ s ) is then subdivided into a membrane (σ m ) and bending component (σ b ) as shown in Equation (10) . 
Notch stress
In engineering practice, stress raise at the weld toe is generally accounted for by the SN curve (i.e. correction at the fatigue resistance side) or by Stress Concentration Factors (SCFs) [104] . SCFs describe the stress raise caused by the geometry of the notch. The ratio of the notch peak stress value over the nominal stress value corresponds to the SCF for that particular notch. Difficulties are however encountered at sharp corner notches and crack tips because the SCF could go to an infinitely high value, i.e. stress singularity. Stress Intensity Factors (SIFs) were developed to describe this stress singularity at crack tips [106] . They are commonly used in fracture mechanics. Unlike SCFs, SIFs are dependent on joint geometry, the particular size and location of the notch and the type of loading. The concept of SIFs is extended by Notch Stress Intensity Factors (N-SIF) which enable to describe the notch peak stress intensity at corner notches and amongst them weld toe notches [106] . Further details and references can be found in [104, 106] .
An essential feature of the notch stress approaches is the so-called "Neuber's microstructural support effect" [12, 104, 106] . This effect enables to describe the physical mechanism behind the overestimation of the fatigue strength reduction using elastic notch stress concentration. See Fig. 5 for further clarification. A microstructural length parameter ρ * is determined (i.e. microstructural support length) which indicates the distance normal to the notch over which the notch stress should be averaged. Not the maximum notch stress but this 'effective' averaged notch stress is considered governing for fatigue. The averaging procedure can be circumvented by assumption of a fictitious notch radius ρ f that leads to a maximum notch stress value equal to this 'effective' averaged notch stress. The fictitious radius can be found by adding the microstructural support length multiplied with a particular support factor s to the original notch radius. This microstructural support length is a characteristic material dependent parameter whilst the support factor is dependent on geometry (i.e. notch opening angle), loading mode and multiaxiality [12] .
As an alternative to the Neuber concept, Strain Energy Density can be used (SED) [103] . The amount of strain energy is then considered in a particular elementary material volume (note the parallel to microstructural support length) at the notch tip. Just like stress the strain energy density shows a singularity at the notch. However, once this density is averaged over a local elementary volume it becomes finite. This averaged SED is considered to be a representative fatigue resistance criterion for fatigue lifetime. Even though extensive work has already been performed, further research on the fatigue analysis of welded joints using N-SIFs or SED is still needed.
Fatigue damage parameters
For HCF the relatively low load amplitudes leading to macroscopically elastic deformations are characterizing. Therefore, stress is often chosen as fatigue damage parameter in HCF criteria describing fatigue lifetime by a Basquin-like equation: log(N ) = log(C) − m log(S). On the other hand, LCF occurs under relatively high load amplitudes leading to plasticity. Therefore, strain is often chosen as fatigue damage parameter and fatigue lifetime is described by a strain based Basquin-like equation referred to as the Manson-Coffin equation. However, (non-proportional) cyclic hardening cannot be accounted for by strain terms only. Combining stress and strain damage parameters results into an energy parameter. The advantage of an energy parameter is its ability to describe the constitutive material behaviour of HCF and LCF by accounting for the interaction between stress and strain, and thus path dependency of the material response.
Audit of multiaxial fatigue assessment methods
An extensive amount of literature has been reviewed to identify multiaxial fatigue methods which are or could be suitable for the fatigue lifetime assessment of welded joints in marine structures exposed to (non-)proportional CA and VA loading. An audit of the selected approaches is presented here, focussing on application in the high cycle fatigue regime. 
Critical plane methods
The physical mechanism behind fatigue crack initiation and early crack growth is related to laminar flow in combination with crack opening/closing in the easy glide plane. This corresponds with the experimental observations of fatigue cracks occurring on preferred material planes [7, 43] , which has led to the development of critical plane based fatigue methods. These methods conclude that high cycle fatigue damage is proportional to the macroscopic shear stress acting at the material plane of easy gliding [126] . This assumption can be found at the basis of one of the first critical plane based methods such as the one proposed by Findley [45] , Matake [81] , Mc Diarmid [82] and Fatemi-Socie [44] and explains why shear amplitude or range are typically of interest. Fatigue crack evolution is also affected by crack opening and closure which can be characterized by a normal or hydrostatic component [97, 126] . Therefore, critical plane based methods generally account for the combined damaging effect of a shear and normal stress/strain.
The fatigue criterion is verified at all possible plane orientations through an iterative procedure (using an arbitrarily defined interval). The critical plane is typically found through one of the following characteristics: the maximum shear stress amplitude or range acting on the plane, the maximum damage parameter (often governed by the combined effect of a shear and normal stress component) acting on the plane or by a specific inclination towards another fracture plane [43, 98, 123, 132] . The latter originates from the experimental observation of cracks initiating and growing/propagating on differently oriented material planes. Specific reference to a fracture plane is made for example in [9, 74] and in [16] the critical plane is considered as the dominant failure plane. As discussed in [98] the material characteristics determine the deviation between the plane of crack initiation/early growth and the plane of macroscopic fracture.
Different critical plane based methods were compared with experimental data in [7, 43, 98] but only few methods have been developed and applied to notched geometries like welded joints encountering multiaxial fatigue. An interesting overview study was provided in [43] where it is claimed that critical plane based methods can capture non-proportionality best by accounting for stress and strain terms in their damage parameter. Another interesting publication is [7] where multiaxial fatigue data of various welded joints is compared with a Findley based critical plane approach. From the studied literature it can be concluded that the critical plane definition appears most successful with a maximum damage parameter. It is also believed by the authors that such a damage parameter enables to account for damage mechanism and fatigue strength which are both needed to determine fatigue resistance correctly. In the following there will be elaborated on a selection of critical plane methods which appear to be, or show potential, for application to multiaxial fatigue problems in welded joints. 
Modified Wöhler curve (MWC) method
For estimation of fatigue lifetime under multiaxial loading conditions the MWC method constructs a shear stress based, loading specific fatigue resistance curve (i.e. modified τ eq − N Wohler curve). This curve is described by a linear Basquin-like relationship which uses characteristic values of the uniaxial fatigue resistance. See Equation (11)- (15) and Fig. 6 . The reference value N ref is considered at 2·10 6 cycles because it corresponds to the class definition of various design codes and guidelines and avoids problems with slope changes at the knee-point.
The Maximum Variance Method (MVM) is used to identify the direction of the critical plane. An advantageous feature of this method is that once the (co)variances have been determined the proceeding calculations are independent of length of the input signal, i.e. time trace [125] . This saves significant computational efforts [124] . The MVM is applicable to CA and VA time traces and originates from experimental observations [127] . Crack initiation is considered at the material plane which endures the maximum variance of shear stress (i.e. the maximum shear stress range). The degree of multiaxiality is then determined through the stress amplitude ratio ρ of the shear and normal stress component acting on the critical plane. Fatigue lifetime can be estimated by Rainflow counting of the time trace of equivalent stress.
The MWC method has been applied successfully for the assessment of multiaxial fatigue in welded joints under VA loading [125] . However, high mean stresses or large stress amplitudes can lead to over-conservative results due to high stress amplitude ratios. Under these conditions a limit value for ρ lim should be considered. This correction is based on the assumption that normal stress no longer affects fatigue damage once the crack is fully opened [123] .
Modified Carpinteri Spagnoli (MCS) method
The MCS method is based on work showing a strong dependence between the fracture plane, the principal stress direction and maximum shear stress [15] . Principal stress directions change under (complex) cyclic loading and therefore their average values (i.e.1,2,3) are considered and described by Euler angles (i.e. θ, ϕ, ψ). From a parametric study it was observed that the direction of these average principal stress axes correspond closely to the direction of the principal axes when experiencing the maximum principal stress (i.e. the fracture plane) [20] . The direction of the critical plane is determined by a rotational angle with respect to this (observable) fracture plane [15] . An expression for this rotational angle has been proposed in the form given in Equation (16) [18] . The expression provides a zero angle (i.e. δ = 0) for very brittle materials (i.e. τ a,f −1 /σ a,f −1 = 1) and an angle of 45 degrees (i.e. δ = π/4) for ductile materials (i.e. τ a,f −1 /σ a,f −1 = 1/ √ 3). Therefore, the Equation is applicable for as long as the ratio τ a,f −1 /σ a,f −1 remains within these bounds.
Interestingly, the MCS method uses a Gough-Pollard-like equation as fatigue criterion (see Equation (17)). Input parameters for this criterion are the mean normal and shear stress component acting on the critical plane. Under non-proportional and multiaxial loading, the shear stress τ a acting on a material plane changes in value and direction within the plane like the normal stress σ n , which does not change in direction. To identify the shear stress amplitude or range acting on a particular material plane, various methods have been developed like the Minimum Circumscribed Circle (MCC), Minimum Circumscribed Ellipse (MCE) and Prismatic Hull (PH) [78, 95, 97 ]. An advantageous feature of the later two procedures is that the ratio of their major and minor axis can be used as indicator for the degree of nonproportionality. The MCS method performs a Goodman based mean stress correction on the normal stress (see Equation (18)) [20] and a Basquin-like equation is proposed for finite-lifetime estimation using the equivalent stress in Equation (19) [20, 21] .
Under CA loading conditions normal Rainflow counting can be used [22] whilst under VA or random loading, an alternative cycle counting is required. In [19] an alternative rainflow counting procedure is suggested which considers two signals (i.e. normal and shear stress acting on the critical plane). One signal is considered primary (normal stress) and the other (shear stress amplitude) auxiliary. For each counted cycle of the primary signal the maximum value of the auxiliary signal is also stored. This counting technique shows similar basis as multiaxial Rainflow counting [63] , cf. Section 5.1.
Specifically for VA and random loading the MCS method was reformulated in spectral domain which resulted in a significant decrease of computational efforts [17] . However, this spectral approach has only been validated with plane geometries and therefore requires some further validation for its application to notched geometries like welded joints. In time-domain the MCS method has been applied to multiaxial fatigue problems in welded joints with satisfactory results [20] .
Structural stress critical plane (SSCP) method
The Structural Stress Critical Plane (SSCP) method has been developed specifically for the fatigue lifetime assessment of multiaxially loaded and welded joints [58] . It is based on structural (hot-spot) stress following a combination of the methodologies used in the MCS and the MWC method. Stress Concentration Factors (SCF) are used in order to account for the local structural normal and shear stress components acting at the weld toe. With these stress terms an equivalent shear stress is formulated using a fatigue criterion similar to the one in MSC method. See Equation (20) . This enables to determine fatigue life using Equation (21) in combination with a Modified Wohler Curve.
The SSCP method has been validated with experimental tests of welded StE460 specimens subjected to uniaxial and (non-)proportional multiaxial CA loadings. The results were compared to the hot-spot stress approach recommended in IIW guidelines [51] . The SSCP performed more satisfactory but on the conservative side and thus further research is needed, particularly looking into its application to complex VA/random loadings.
Stress-strain (SS) method
Over the years a variety of methods has been developed which use an energy based fatigue parameter in combination with a critical plane approach for multiaxial fatigue assessment. In [43] it is also stated that critical plane based methods can capture non-proportionality best by accounting for stress and strain terms in their damage parameter. In the work of [55] such methods have been thoroughly evaluated adressing all important features for a multiaxial fatigue damage parameter.
In recent work of [1, 2] , Mohr's circles of normal and shear stress and strain are used for multiaxial fatigue assessment under complex loading (see Equations (22)- (23)). Multiaxial Wang-Brown cycle counting is used to determine the Mohr circles [1, 2] . Fatigue life is defined by a combination of a Basquin-like and MasonCoffin-like relationship and the required parameters (e.g. b 1 , b 2 , c 1 , c 2 ) can be obtained from the fatigue life-strain curves. This approach was validated with experimental data of plane geometries under non-proportional VA loading but showed conservative results. Further validation with experimental data is still needed, also with fatigue data of welded joints.
Computational efforts are required to determine the stress-strain response of a material as a result of a particular load path. For this purpose the Garud multi-surface hardening rule is typically used [2, 55] . In [56] a relatively simple and fast modeling technique is suggested for the local elasto-plastic stress-strain response. The stressstrain response at the notched area is then used as an input for a damage parameter which is evaluated at all planes. The critical plane is the one experiencing the maximum damage. The damage parameter assumes the contribution of plastic normal strain in opening the crack, plastic shear strain in inducing dislocation movement, elastic normal strain in assisting crack opening and elastic shear strain in overcoming sliding friction of crack surfaces [56] . See equation 24. Multiaxial fatigue data (proportional and non-proportional) of a notched geometry (SAE 1045) was compared with the described approach [56] . A good correlation was found but further investigation is still needed for the application to welded joints.
Invariant methods
Contrary to the physical grounds which have led to the development of critical plane based methods computational advantages have led to the development of invariant based fatigue methods. The use of stress invariants significantly reduces computational efforts and model complexity. There exist different formulations but invariant based multiaxial fatigue models typically use a term which accounts for dilation (i.e. volume change) and a part which accounts for distortion (i.e. yielding). Dilation is represented by hydrostatic stress σ H or the first stress invariant I 1 whilst distortion is represented by the second invariant of the deviatoric stress J 2 , see Equations (25)-(26).
Crossland and Sines were one of the first who proposed an invariant based approach for multiaxial fatigue assessment [27, 111] . They suggested a fatigue criterion which can be described by the generic equation provided in Equation (27) . Material parameter k represents a function of the uniaxial fatigue strengths [97] . The equation represents a fatigue limit criterion meaning that infinite fatigue life is considered. For finite fatigue lifetime estimation the left-hand-side can be represented by a Basquinlike equation [26] .
Projection-by-projection (PbP) method
This invariant based method acounts for the load path of the deviatoric stress in its five dimensional Euclidean space (i.e.deviatoric space) [26] . It is hypothesized that the total fatigue damage can be represented by the sum of the individual damage contributions of each load path projection on the axes of this reference frame. Therefore, the method is named the Projection-by-Projection method (PbP). For each projection the accumulated fatigue damage is determined through multiaxial rainflow counting where deviatoric stress is considered as primary signal and hydrostatic stress as auxiliary signal [26, 63] . For further details on this counting procedure see Section 5.1. For each projection (i) the mean amplitude of the deviatoric stress (J 2a,i ) is determined. In addition, the overall mean hydrostatic stress (σ H,avg ) is defined. See Equations (28) and (29) where j represents the counted cycle and i the projection.
For finite fatigue lifetime estimation a load specific fatigue resistance curve is constructed (
. This is done using the same linearization as proposed in the MWC method, cf. Section 4.1.1 [26] . Stress ratio ρ is based on the deviatoric and hydrostatic stress components as can be seen in Equation (30) . It should be noted, that just like in the MWC method, the ρ value has a limit value [123] . Fatigue damage is defined for each load cycle in each projection, see Equation (31) .
The PbP method has been validated for non-proportional CA loading and in the spectral domain for random loading using experimental data of plane geometries [25, 26] . Accurate results were found with reduced computational efforts. However, in time domain, the method has not yet been validation for non-proportional VA loadings. So far, the generated results have been promising and therefore the PbP method is incorporated in this study. However, further research is required for its validation with non-proportional VA loads and application to welded joints.
Integral methods
Integral based methods have been developed to circumvent the difficulties of critical plane based methods with non-proportionality induced lifetime reduction in ductile materials. By integration of a particular fatigue parameter, over a specified (elementary) material volume, it is tried to account for non-proportionality induced interaction effects. This requires significant computational efforts since optimization of such a calculation procedure is limited. The integration has to be executed over all material planes within an acceptable level of accuracy [101] . Therefore, integral methods are generally considered more computational intensive, and thus less favourable, than critical plane or invariant based methods.
Effective equivalent stress hypothesis (EESH)
The EESH is based on von Mises equivalent stress but has been modified based on local stress in order to overcome its deficiency under non-proportional loadings (cf. Section 3.3.3). It is a consequent extension of the critical plane approach for considering the influence of non-proportional loading on fatigue life of ductile materials. In order to account for the interaction between slip bands (caused by nonproportionality) the shear stress acting on each material plane is considered by integration [112, 114, 118] . This results into an effective shear stress F which can be used to correct the von Mises equivalent stress σ VM = σ eq (δ = 0) as shown in Equations (32)- (33) . Originally, the EESH considered a square root term in the equation of σ eq for which reference is made to [114, 118] . However, the term appeared unsuccessful and eventually it was removed from the governing equations.
Promissing results were obtained in comparison to experimental data of welded joints under multiaxial CA loading [114, 118] . The hypothesis can also be applied to more complex VA loadings for which suggestions can be found in [118, 119, 121] . However, difficulties are encountered with time varying phase differences and the hypothesis requires a realistic damage sum. For this purpose representative multiaxial fatigue data has to be available. Further investigation and validation are therefore still needed.
Energy method (EM)
In [108] an integral based approach is formulated using an energy based fatigue parameter. Henceforth, this method will be referred to as the Energy Method (EM). It is a generic assumption that material behaves elastically in the HCF regime and therefore the EM considers the elastic strain energy density as fatigue parameter. From an FE model the (rates of) stresses and strains are evaluated and used as inputs for the method, which describes an incremental damage parameter. Advantageous of this formulation is that cycle counting is circumvented.
Local maxima of strain energy density W are considered at critical points C i . Using a threshold concept, the surrounding material points M are identified which encounter damaging work. The average strain energy density W eq which corresponds to this volume V i is then found by integration over a certain period t (for CA loading) or time duration t (for VA loading). In [108] stress triaxiality T is taken into account through an empirical expression which was derived from experimental multiaxial fatigue data of plane geometries. The generalized governing equations are provided in Equations (34)- (35) . Fatigue lifetime is determined by conversion of the uniaxial fatigue resistance curves into a so-called Master curve [108] .
The EM has been validated with various experimental data sets of plane geometries covering complex multiaxial load cases (i.e. VA and non-proportional) [108] . Promising results were obtained but further investigation is still required for notched geometries and welded joints encountering such complex loads. 
Damage models
For the description of (multiaxial) fatigue behaviour, damage mechanics can also be used instead of the commonly used (empirically based) SN-approach. The fundamentals of damage mechanics are described by the thermomechanical behaviour of solids. Reference is made to the following background literature [46, [67] [68] [69] .
Crack initiation results from local plasticity and therefore damage models couple damage to local stress/strain. The constitutive equations originate from the laws of thermodynamics for irreversible processes. The thermodynamic state of a material at a certain time instant is described by observable and (not directly measurable) internal state variables at that same instant. This so-called state potential is described by state laws and associated variables. For dissipative processes a dissipation potential F (σ, X, R, Y ) is considered which is a function of the associated variables, see Table 1. Dissipative behaviour is then described by evolution laws of the flux of these variables and damage evolution is governed by a so-called yield function f which describes the relationship between local plasticity and damage [66, 70] . An advantageous feature of damage mechanics is that it uses a continuous damage variable so that cycle counting is circumvented. Moreover, the model can be adjusted depending on the material characteristics and load conditions (e.g. brittle/ductile materials, isotropic/anisotropic behaviour, crack closure/opening).
Application of damage mechanics to marine structures
Damage mechanics has been applied specifically to marine (i.e. naval) structures in [37] , [65] and [128] . In [65] a strategy was developed and validated to assess fatigue in a butt-welded plate of S355 steel which is typically used in the maritime industry. The strategy was subdivided into two steps. Firstly, a shakedown study was performed by executing a FE analysis. Weld toe geometry (obtained from laser measurements), residual stresses, material zone dependent yield stresses (i.e. base material, weld material, heat affected zone) and elastic-plastic material behaviour were all incorporated in this model. Secondly, fatigue crack initiation was studied by post-processing of the results in a damage model. The approach showed promising results but was only applied to CA and VA uniaxial fatigue problems.
The same strategy has been applied to a structural detail of a stiffened panel and a cruciform joint [37, 128] . Experimental data was collected by testing a transversal and longitudinal stiffened panel and cruciform joints under cyclic tensile loading conditions [37] . In the stiffened panel three locations where identified which showed multiaxial stresses. However, due to orthogonality of the structure these multiaxial stress states must have been proportional. The model parameters were obtained from a monotonic stress-strain curve, a cyclic tension-compression test and two uniaxial SN-curves determined by self-heating tests. By minimizing the difference between the model results and the experiments the model parameters were identified [38] . Numerical and experimental results showed agreement but no concrete conclusions could be drawn yet [37] . Particularly for more complex multiaxial load cases (e.g. VA and non-proportional) further research is needed.
Multiaxial cycle counting
The majority of the approaches for (multiaxial) fatigue assessment require cycle counting. The most commonly applied cycle counting technique is Rainflow counting. This technique defines load cycles by the closed hysteresis loops in their cyclic stress-strain behaviour. For as long as there is one (equivalent) input parameter, this counting procedure can be used to identify the number of load cycles and corresponding stress/strain ranges or amplitudes. If there are multiple fluctuating input parameters (σ (t), τ (t)) a multiaxial cycle counting technique is required.
Multiaxial rainflow counting
Bannantine & Socie were one of the first to identify cycles under multiaxial variable amplitude loading by making use of Rainflow counting [110] . They consider the projected strain path on a plane and count the normal and shear component of this projection individually. Using the Fatemi-Socie and Smit-Watson-Topper parameters they then determine damage. Two failure modes are considered (i.e. tensile and shear failure) and damage is thus determined for each failure mode (i.e. axial or shear damage). The Bannantine & Socie counting procedure has several deficiencies which are adressed in [5, 63] . Therefore, Langlais et al. [63] developed an extension to traditional Rainflow counting for multiaxial variable amplitude loadings which overcomes these deficiencies. In this counting procedure two individual load signals are introduced: one signal which is considered governing for fatigue damage and therefore assigned as the primary signal, and a second auxiliary signal of which the fluctuations are registered for each counted primary cycle. In [26] the counting procedure was applied in combination with the PbP method (cf. Section 4.2.1). The deviatoric stress was chosen as the primary signal and the hydrostatic stress as the auxiliary signal. Like this, the maximum hydrostatic stress was identified for each counted cycle of deviatoric stress.
Modified Wang-Brown cycle counting
In [83] the Wang-Brown multiaxial cycle counting procedure was modified to overcome its deficiencies with load sign (loss) and starting point definition (which is not univocally defined). This Modified Wang-Brown (MWB) counting procedure considers the relative Von Mises equivalent strain in the five dimensional deviatoric Euclidean space. An advantageous feature of the Euclidean working space is that computational complexity is reduced because the distance between two points directly corresponds to the relative Von Mises stress/strain range. The procedure can be easily converted from strain into Von Mises equivalent stress if preferred. To determine the mean and amplitude of each load cycle an enclosed surface procedure should be used. A so-called Moments of Inertia (MOI) method has been developed to account for the actual shape of the load path and not only its extremes [84] . The load path is assigned a unit mass so that the centre of mass corresponds with the mean. The moments of inertia can then be used to define the equivalent stress/strain range. Advantageous of this MOI method is that it can account for non-convexity and load path dependency. However, in the studied literature no work could be found wherein the MWB counting procedure has been applied in multiaxial fatigue assessment.
Virtual cycle counting
Anes et al. claim that many cycle counting procedures are incapable of relating the maximum damage parameter in a particular time interval to the encountered total damage during this interval. Therefore, they developed a new so-called virtual cycle counting procedure [4] . It derives its name from the fact that it does not consider hysteresis loops like conventional Rainflow counting. A load block is defined as the time interval between two zero up-crossings of the equivalent shear stress. Within this block the number of virtual load cycles are counted based on an equivalent shear stress defined in accordance with the Stress Scale Factor (SSF) method (cf. Section 3.3.3). For damage calculation a reference SN curve is required which describes fatigue resistance in pure torsion (i.e. Mode III). The counting procedure has been compared to other techniques and validated with multiaxially loaded plane geometries. Satisfactory results were obtained although the considered load cases did not account for mean stress effects (i.e. all load cases had a zero mean stress) [3] . Important to note is that this counting procedure can only be applied in accordance with the SSF method. It is not applicable in combination with other multiaxial fatigue methods.
Path-dependent-maximum range (PDMR) cycle counting
The shape of a load path is correlated to plastic dissipation and therefore characterizes the cycle counting results. The Path-Dependent-Maximum-Range (PDMR) method accounts for complex load histories (i.e. variable amplitude, nonproportional) in stress space (σ s − √ βτ s ), by consideration of the maximum stress range and the load path corresponding to this range [36, 85, 135] .
Typically, PDMR counting considers a Von Mises based stress space. Therefore, parameter β is set to 3. Counting is performed on a structural stress level (cf. Section 3.4) generally considering Mode I and Mode III as governing modes in welded joints (i.e. plated or shell structures). If needed, the procedure can be converted to strain space (i.e. ε − √ βγ for LCF) or extended to three dimensional space (i.e. including Mode II as well). However, the latter will significantly increase the already complex and time intensive computation.
PDMR cycle counting requires an appropriate fatigue resistance curve for damage calculation so for fatigue lifetime estimation of welded joints a Master SN curve was developed which is compatible with Von Mises based PDMR cycle counting [52] . A large experimental data set was used to determine the characteristic values of this so-called Master SN curve and all data was captured in a narrow scatter band. Amongst the data were welded joints of different geometries and dimensions subjected to various types of (complex) loading (i.e. uniaxial, proportional and nonproportional). Two sets of characteristics were determined depending on a dominant Mode I or Mode III [35, 52] . PDMR cycle counting has been validated in various studies and was applied succesfully in the multiaxial fatigue assessment of welded joints [36, [133] [134] [135] .
Fatigue damage accumulation
Cycle counting provides the number of (half) cycles at a given stress range/ amplitude. This knowledge can be used to determine the amount of accumulated fatigue damage and corresponding fatigue lifetime. For this purpose, a damage accumulation rule is typically used. In literature, various rules can be found which distinguish themselves in how they describe the evolution of fatigue damage. Typically the critical damage sum (corresponding to fatigue failure) is D c = 1. However, it should be kept in mind that this value originates from an average based on experimental results ranging from 0.01 to 10 [109, 122] . For complex load cases (e.g. including mean stress and non-proportionality) the critical damage sum is often reduced. In [114] it is demonstrated that a critical damage sum of 1 appears non-conservative for welded steel and aluminium joints subjected to multiaxial loads. Based on this, a design value of D c = 0.5 is recommended in IIW guidelines [51] .
Palmgren-Miner rule
The most well-known damage rule is the linear Palmgren-Miner rule, which is often referred to as Miner rule in literature. It presumes a linear accumulation of fatigue damage considering a single-sloped fatigue resistance up to the kneepoint. See Fig. 7 . From experimental observations it is seen that the damage impact of load cycles with a stress range below this kneepoint (i.e. towards the high cycle regime) are considerably small and are therefore disregarded. Fatigue damage is represented by Equation (36) where n i stands for the endured number of cycles at a specific stress range and N i for the fatigue resistance at this particular stress range. Due to its straightforward expression Miner's rule is (still) widely used in scientific research and engineering practice.
Haibach
One of the first modifications of Miner's rule was made by Haibach who considered a bilinear (i.e. double sloped) fatigue resistance. See Fig. 7 . This changes the course of the Wöhler curve after the kneepoint and thus introduces a change in damage mechanism. The damage formulation remains equal to Equation (36) but the damage contributions of stress amplitudes/ranges below the kneepoint are now accounted for.
Corten-Dolan
The damage rule of Corten-Dolan considers that each load cycle induces fatigue damage which affects the fatigue strength. In the damage rule of Haibach this is accounted for through a slope change after the kneepoint whilst the damage rule of Corten-Dolan considers a slope change for the entire Wöhler curve. The damage rule considers a single-sloped fatigue resistance which is described by a power-law relationship (see Fig. 7 and Equation (37)) [75, 80, 137] . In this relationship the exponent d is material and load dependent. It is claimed that this experimentally defined parameter can account for the interaction between low(er) and high(er) stress cycles. However, its physical interpretation is not straightforward and from the reviewed literature it is not clear how it is experimentally defined. In [80] and [137] it is mentioned that (field) experience is required to correctly assign a value to exponent d. This is a drawback because it greatly affects fatigue lifetime estimation. Therefore, application of the Corten-Dolan damage rule is significantly less favourable than Miners' or Haibachs.'
Serensen-Kogayev
In the reviewed literature, only marginal information could be found about the physical interpretation and fundamental basis of the Serensen-Kogayev damage rule. Most likely, this is caused by the fact that the original article was written in Russian [93] . The governing equations of the Serensen-Kogayev damage rule are provided in Equations (38)-(40) [59] . Palmgren-Miner's rule is considered when b = 1. This is shown in Fig. 7 and Equation (38) . Parameter a determines a threshold stress such that all stress ranges below this value are disregarded in the fatigue damage accumulation. In that respect, a sort of fatigue limit is being considered. Typically, a is set to a value of 0.5 but why this value is chosen as such is not supported by argumentation in any of the reviewed literature [61, 75, 93] . The Serensen-Kogayev damage rule is rarely used in engineering practice, neither the Corten-Dolan damage rule.
Moment of load path (MLP) concept
Recently, is has been shown that path length is an incomplete indicator of multiaxial fatigue damage for some specific load cases [85] . Therefore, an accumulative Moment of Load Path (MLP) concept has been developed [85] [86] [87] [88] . It is based on earlier work from Itoh et al. [57] . A path-dependent parameter accounts for load path dependency whilst a material parameter accounts for the materials' sensitivity to non-proportional loading. Multiaxial fatigue damage is considered a linear summation of a proportional part and a non-proportional part. The proportional damage part corresponds to the (shortest/direct) path length between two points (i.e. A and B) in σ − √ βτ stress space (i.e. σ eff ). The non-proportional damage part is related to the actual path length and therefore represented by an integral.
Using PDMR cycle counting, the equivalent MLP stress σ eff,MLP for each cycle is expressed as a function of the effective stress range σ eff , a parameter of dimensionless path length g and a material dependent non-proportionality sensitivity parameter α. See Equation (41) . For structural steel the sensitivity parameter α ≈ 1 provides reasonable correlation with multiaxial fatigue data of non-proportionally loaded welded joints [86] . However, it remains unclear at which specified number of cycles α should be determined and how to deal with slope differences between the two fatigue resistance curves of proportional and non-proportional loading.
In [85] [86] [87] [88] a substantial amount of experimental data was used to validate the MLP concept applied to complex load cases for welded joints of structural steel and aluminum alloys. Satisfactory results were obtained and an advantageous feature of this damage concept is its applicability to both LCF (strain based) and HCF (stress based).
The state-of-the-art of multiaxial fatigue assessment
The amount of information about multiaxial fatigue assessment and the different methods and approaches for the assessment of high cycle fatigue (in welded steel joints) is abundant. For clarity, this Chapter provides two schematic overviews which show the required input parameters of the audited methods (Table 2) and their current application domain (Table 3 ).
Discussion
Over the past few decades the complexity of structural designs in the maritime industry has increased, as well as the operational and environmental conditions they are facing. Furthermore, there is a growing interest in lifetime extension of existing marine structures.This requires investigation and development of new methods and approaches for multiaxial fatigue assessment. In current practice, SN-approaches are most commonly used. Such approaches identify the damage parameter(s) and then Table 2 Overview showing the required input parameters for the audited multiaxial fatigue methods Table 3 Overview showing the current domain of application for the audited multiaxial fatigue methods require cycle counting in combination with a damage (accumulation) rule and a reference SN curve to come to a fatigue lifetime estimate. For each of these individual steps, methods have been developed specifically for multiaxial fatigue problems. However, these methods are not per definition compatible with one another. Examples are the SSF approach (cf. Section 3.3.3) which can only be used in combination with specific 'virtual' cycle counting and PDMR cycle counting which is not compatible with standardized fatigue resistance curves (cf. Section 4.3).
Multiaxial fatigue methods were initially developed for the assessment of infinite life [98] . Later on, these criteria have been developed towards finite life so that they could be used for fatigue lifetime estimation. Commonly, a Basquin-like equation is used which incorporates material dependency (i.e. fatigue strength) in the log (C) term. However, such an equation does not account for the multiaxial load path dependent damage mechanism, i.e. slope m is considered a constant. New models were developed with the intention of overcoming these deficiencies such as the MLP concept (see Section 6.5) which suggests two individual parameters: a load path dependent non-proportionality factor and a material dependent sensitivity parameter.
From the reviewed literature it can be observed that discrepancies exist between the approaches and models applied in academia and engineering practice. The approaches and methods developed by academia are often found unfavourable for industrial practice due to their complexity (i.e. computational efforts) and need for further improvement and validation. Implementation and application sometimes requires (rarely) determined parameter(s). On the other hand, the design guidelines and recommendations which are used in engineering practice often lack a clear description on how to deal with more complex multiaxial load case, e.g. frequency induced non-proportionality and random loading [51, 129] .
Specific knowledge about multiaxial fatigue in welded joints of marine structures is limited. This is caused by the fact that experimental data is scarce and often incomplete. Knowledge and experimental data from other fields of expertise (e.g. aerospace, automotive) is not directly applicable to marine structures because different joint and weld geometries, loading conditions and materials are used. Reference [100] elaborates further upon these inconsistencies in experimental data sets for multiaxial fatigue assessment.
Over the years, multiaxial fatigue methods have been validated either individually or in comparison to a few other methods. Based on the findings in such studies, judgements were made about accuracy and validity even though the experimental data sets often originated from different sources. Complete and representative experimental data is needed to make a fair comparison between the different methods and approaches that are currently available. Further experimental studies are thus necessary to improve the understanding of multiaxial fatigue in welded joints and to identify the strengths and weaknesses of the different methods when applied to fatigue problems in marine structures.
Conclusion
Overall, it can be concluded that there exist large differences between approaches in engineering practice and academia for multiaxial fatigue assessment. Engineering practice prefers comprehensive and efficient calculation procedures with relatively simple models. Safety factors/margins are introduced in order to cover for uncertainties and scatter. Often these approaches have an empirical basis and lack a strong physical (theoretical) background. Therefore, when such approaches are applied to more complex multiaxial fatigue problems they generally become untrustworthy and can lead to under-or over-conservative results. Academia produce more refined but also more complex models, generally with the objective to incorporate a physical basis. However, these are often incomplete or have limitations in their application domain. Due to this situation, a consensus about multiaxial fatigue assessment is lacking, particularly for welded joints in marine structures. Experimental proof is necessary to take away this uncertainty. It is important that the experimental data is not only generated with welded joints exposed to conceptual CA loading but also with VA and random load cases which respresent realistic load conditions of marine structures. Such data can be used for comparison of the different multiaxial fatigue methods discussed in this work. Depending on the engineering design philosophy and objectives, it can then be identified which model(s) serve the required purpose best. Until such experimental proofs have been generated, inspections and maintenance will be of high importance, especially for fatigue critical components and joints.
